The fluid film thickness and drag during chemical-mechanical polishing are largely dependent on the shape of the wafer polished. In this study we use dual emission laser induced fluorescence to measure the film thickness and a strain gage, mounted on the polishing table, to measure the friction force between the wafer and the pad. All measurements are taken during real polishing processes. The trends indicate that with a convex wafer in contact with the polishing pad, the slurry layer increases with increasing platen speed and decreases with increasing downforce. The drag force decreases with increasing platen speed and increases with increasing downforce. These similarities are observed for both in-situ and ex-situ conditioning. However, these trends are significantly different for the case of a concave wafer in contact with the polishing pad. During ex-situ conditioning the trends are similar as with a convex wafer. However, in-situ conditioning decreases the slurry film layer with increasing platen speed, and increases it with increasing downforce in the case of the concave wafer. The drag force increases with increasing platen speed as well as increasing downforce. Since we are continually polishing, the wafer shape does change over the course of each experiment causing a larger error in repeatability than the measurement error itself. Different wafers are used throughout the experiment and the results are consistent with the variance of the wafer shape. Local pressure measurements on the rotating wafer help explain the variances in fluid film thickness and friction during polishing.
INTRODUCTION
Chemical mechanical planarization (CMP) is widely used in the manufacturing process of very large scale integrated (VLSI) circuits and ultra large scale integrated (ULSI) circuits. Some applications of these circuits include processor chips, RAM chips, and hard drives. The advantage of the CMP process is that both local and global planarity can be achieved. Planarity on the die level, and wafer level is even more desirable as production moves to 200 mm and 300 mm wafers. Both local and global planarity are extremely important in multilevel circuits with feature sizes smaller than 500 nm. The fine depth of focus requirements in current and future optical lithography techniques put extreme demands on the processes involved. The increased control of the CMP process allows for more efficient use of resources, and will aid in the development of future nanoscale circuit topographies.
The CMP process is widely used, yet there is only a limited understanding of the fundamental mechanisms involved. Fundamental research has been done to both experimentally understand polishing characteristics and analytically model the process involved [1, 2, 3] . Slurry film thickness during polishing is largely determined by how the hydrodynamic pressure and pad aesperity contact pressure equilibrate with the downforce applied. Some researchers have found that during polishing there is a vacuum created underneath the wafer and a negative vertical pad displacement [4, 5, 6] . Others have found positive fluid pressure developing in the gap between the wafer and polishing pad [7] . In our experiments we have witnessed both cases. A concave wafer displays the vacuum effect, and a convex wafer develops positive fluid pressure in the gap. Frictional characteristics during polishing will depend on whether there is positive or negative (suction) pressure underneath the wafer. The frictional information can be used to determine what lubrication regime is involved [8] . Cook and Su have established that removal rate is largely dependent on the lubrication regime [9, 10] . Fluid thickness and polishing performance also vary in different lubrication regimes [11] . Sundarajann, Cook and Su have all cited that wafer curvature might be a factor in determining the lubrication regime involved, but little work has been done to study this effect partly due to the fact the wafer shape is difficult to control. Some numerical models analytically solve for the fluid depth between the wafer and pad as well as the wafer angle of attack by assuming a natural bow to the wafer [12] .
In this paper, we will investigate the specific effect wafer curvature has on slurry film thickness and friction during CMP. Experiments have been conducted to examine how the slurry fluid thickness and friction changes with wafer shape and polishing parameters, such as platen speed and wafer downforce. Figure 1 shows the modified rotary polisher used to study slurry flow beneath the wafer. We use a Struers RotoPol-31 tabletop polisher to rotate a 300 mm (12 in) polishing pad. An industrial rated drill press capable of variable downforce (7-70 kPa +/-1 kPa or 1-10 psi +/-0.2 psi) via a weighted traverse replaces the standard RotoPol head. The traverse is mounted to the drill press in such a way so that the downforce applied is directly transmitted to the wafer and will not create a moment about the drill press itself. Pad conditioning can be done either in situ, during polishing, or ex situ, before and after polishing. We use a 50 mm diameter diamond grit conditioner wafer that both rotates and sweeps across the pad.
EXPERIMENT
Slurry film thickness measurements are done using an optical technique known as dual emission laser-induced fluorescence or DELIF. This technique is described in detail in Coppeta and Rogers [13] . DELIF uses the fluorescence from two different commercially available dyes (mixed in with the slurry) each fluorescing at different wavelengths to measure slurry mixing, fluid depth, or fluid temperature. A complete description of these measurements can be found in our previous work [14] [15] [16] [17] . The dyes are excited by a 100 Watt UV lamp source and we use two high-resolution 12-bit spatially aligned digital cameras to capture the fluorescence data beneath the wafer. The optics used on these cameras enable us to image an area of 2.25 cm by 3.8 cm
Figure 1: Tabletop polisher and experimental Setup
with a spatial resolution of approximately 50 µm per pixel. The images from each camera are aligned to within one pixel and can resolve fluid thickness variations down to 1 µm. Actual slurry thickness measurements are repeatable to within 5 µm. Since we are using optical techniques to measure the slurry flow beneath the wafer, actual silicon wafers cannot be used. Instead we use transparent BK-7 glass windows modified with gimbal mounts as our polishing substrates. The glass wafer is 75 mm (3 in) in diameter, and is typically bowed +/-5 microns convex or concave. A convex wafer bows out, and a concave wafer bows in. (Figure 2 a&b) We use a load cell mounted between two sliding plates below the polisher to measure friction during the polishing process. The bottom plate is fixed to a vibration isolation table and the polisher is fixed to the upper plate. The load cell will sense the friction force created by the interaction of the wafer and polishing pad to within 3.5% accuracy. Equation (1) shows the coefficient of friction , µ, as the friction force, F F , normalized by the downforce, P.
All polishing parameters and data acquisition including platen speed, downforce, conditioner speed, and slurry flow rate are computer controlled and monitored. The cameras are similarly computer controlled and can be synchronized with changes in polishing parameters so that we can acquire image data, as well as friction data, at any point during the polishing process. The polishing parameters that we will focus on in the following results are the effects polishing pad speed and wafer downforce. The conditioner arm sweeps across the pad at 10 oscillations per minute, and the wafer rotation rate is held constant at 60 RPM.
RESULTS
This study is conducted with both in situ and ex situ conditioning. The results presented here will only include that which is done with in situ conditioning. In situ conditioning provides a more consistent pad treatment than ex situ conditioning does where pad glazing can occur. Also, the slurry film thickness referred to here is a spatially averaged measurement. Since the pad topography largely dictates how much fluid it can trap between the asperities, the fluid depth is not exactly measured from the wafer surface to the pad surface, but rather an average depth of the pad asperities. For consistent pad topography, in situ conditioning maintains these asperities and pore sizes.
The curvature of the wafer or the degree to which the wafer is bowed has a significant effect on the fluid dynamics of the polishing process. Figures 3 and 4 each correlate the trends in slurry film thickness underneath the wafer to the frictional coefficient as the polishing pad speed is changed for a convex and concave wafer, respectively. From the plot in figure 3 the slurry thickness underneath a convex wafer increases, and the coefficient of friction decreases as the pad speed increases. At a low pad velocity of 30 RPM (relative pad-wafer velocity of 0.25 m/s) the wafer rides on about a 40 µm thick slurry layer. As the pad speed increases to 90 RPM (0.72 m/s) this slurry layer increases in thickness by about 10 µm. Also, the coefficient of friction decreases about 70% over this range. This suggests that the lubrication layer between the wafer 
and the pad moves towards a full hydrodynamic lubrication regime at higher relative velocities, as seen previously by Coppeta et al [18] . The concave wafer case is different from the previous convex wafer case. In figure 4 , the slurry thickness decreases and the coefficient of friction increases as the pad speed increases. At a low pad velocity of 30 RPM the slurry film thickness is about 50 µm. As the pad speed increases to 90 RPM the slurry thickness decreases almost 15 µm. The coefficient of friction here increases 35% over the range of the same pad speeds. The trend with the concave wafer is clearly opposite from the convex. As the relative velocities increase, the concave wafer moves towards increased asperity contact meaning partial or total boundary lubrication. We have measured a net negative fluid pressure underneath the wafer for a concave wafer only. This suction brings the wafer and pad into contact, thereby, decreasing slurry thickness and increasing friction as seen by Tichy et al.
In order to isolate the effect of wafer downforce, the pad velocity is fixed at 60 RPM (relative wafer-pad velocity of 0.5 m/s) and the applied downforce is varied from 2 psi to 6 psi. In both cases of convex and concave wafers, the slurry film thickness decreases about 15 µm for a 4 psi increase in downforce. Although the trends are the same, the slurry layer thickness under the convex wafer is about 10 µm greater than that for the concave wafer. The manner in which the pad conforms to the wafer shape is believed to be one of the causes of this difference. The increased wafer downforce pushes the wafer into the compliant pad creating higher pad asperity pressure and decreasing relative fluid pressure. Therefore, less slurry resides in the gap between the wafer and the pad.
However, the behavior of the slurry film thickness and the coefficient of friction in the figure 6 would be the same trends as the convex wafer's in figure 5 . From figures 4 and 6 the repeatability in the data of the concave wafer is compromised for two reasons. The wafer is polishing, therefore changing shape during this experiment, and the pad is deforming as well. In figure 6 , as the downforce is decreased from 6 psi to 2 psi the slurry thickness increases to 50 µm, higher than it was originally (43 µm), at 2 psi. This phenomenon has been repeated over a range of input parameters and could be the result of hysterisis in pad compliance. It is important to understand the pad's response to changing downforce not only to characterize the lubrication regime, but also to understand how the pad preferentially polishes fine features on a patterned wafer. The coefficient of friction, in figure 6 , drops as the downforce reaches 6 psi and then continually decreases as the downforce is reduced back down to 2 psi. As the wafer goes from concave to increasingly convex the lubrication regime during polishing changes. As seen earlier, a convex wafer sees a far greater amount of hydrodynamic lubrication than a concave wafer. So as this experiment progresses the level of hydrodynamic lubrication increases, the frictional coefficient decreases, and the slurry thickness increases as the wafer hydroplanes. To truly isolate the effect of wafer shape the concavity of the wafer needs to be preserved.
Another way to look at the fluid dynamics between the wafer and polishing pad is to consider at the wafer angle of attack, or wafer tilt angle. We measure the fluid thickness under the front half and back half of the wafer and extrapolate the angle of attack from the difference in thickness. This technique can accurately measure angle of attack down to 0.003 degrees. Figure  7 is a comparison of this tilt angle as a function of wafer downforce for a convex and concave wafer. The angle of attack for a convex wafer is greater by orders of magnitude than that of a concave wafer. As the wafer downforce increases the convex wafer's angle of attack increases, whereas the concave wafer's angle of attack relatively does not change. The substantially greater angle of attack of the convex wafer can continually support a hydrodynamic fluid layer. In the other case where the concave wafer's angle of attack is low, it becomes difficult for the wafer to maintain a hydrodynamic fluid layer.
CONCLUSION
The wafer curvature strongly affects the fluid behavior during CMP. We have examined both convex and concave wafers and their effects on slurry film thickness and the coefficient of friction. A convex wafer is found to support a hydrodynamic fluid layer much more easily than a concave wafer. As the relative pad-wafer velocity increases a convex wafer will ride on an increasingly thick slurry film, whereas a concave wafer will be sucked into the polishing pad increasing asperity contact and friction. As wafer downforce increases the slurry film thickness decreases. In this case the wafer shape determines the relative thickness of the slurry layer. The shape of the wafer has a large influence on the lubrication regime that exists between the wafer and polishing pad. In order to further understand the correlation between slurry film thickness and friction, additional knowledge of the polishing pad's response to pressure fluctuations is necessary. Through some accurate measurements of friction and slurry layer thickness during CMP, increased control of the process may lead to greater polishing performance.
